A novel catalytic reactor with dielectric barrier discharge (DBD) at atmospheric pressure was developed for the abatement of volatile organic compounds (VOCs). The novelty of DBD reactor is the metallic catalyst serving also as the inner electrode. The catalytic electrode was prepared from sintered metal fibers (SMF) in the form of a cylindrical tube. Oxides of Mn and Co were deposited on SMF by impregnation. Decomposition of toluene taken as the model VOC compound (<1000 ppm in air) was investigated. The catalyst composition, toluene concentration, applied voltage and frequency were systematically varied to evaluate the performance of the DBD reactor. At 100 ppm of toluene, the conversion $100% was achieved in the DBD reactor using a specific input energy (SIE) $ 235 J/l independently of the chemical composition of the SMF catalytic electrode, but the selectivity to CO 2 was observed to be a function of the catalyst composition. The MnO x /SMF catalytic electrode showed the best performance towards total oxidation. At a SIE of 295 J/l, the selectivity to CO 2 was 80% with 100% conversion of toluene. No carbon solid residues were deposited on the electrode. #
Introduction
The emission of volatile organic compounds (VOCs) into the atmosphere by various industrial and agrochemical processes is an increasing environmental and social concern over the last years. Some of them are carcinogens and cause respiratory disorders. Therefore, the removal of VOCs is an important issue and needs highly efficient low cost processes. Conventional techniques in use for the removal of VOCs mainly include adsorption, thermal and thermo-catalytic oxidation [1, 2] .
VOCs can be removed by simple physisorption onto a high surface area support, in general carbon. Even though this process is relatively simple, disposal of spent carbon has to be carried out by thermal treatment. During the thermal treatment toxic compounds can be liberated into the atmosphere. In the case of thermal oxidation, VOCs are oxidized at high temperatures, in the range 700-900 8C. Since this technique demands continuous supply of external heat energy, the use of a catalyst is proposed, which decreases the operating temperature to 300-500 8C. Various heterogeneous catalysts have been used to abate diluted VOCs. Catalytic techniques use less heat energy as compared to thermal oxidation and completely oxidize VOCs. However, catalytic techniques have limitations related to the energy supply at low VOC concentrations. Conventional techniques for the cleaning of dilute gas streams work efficiently only when the VOC concentration is higher than 1000 ppm, since in this case they are carried out in an autothermal regime [1, 3] .
An alternative approach to these conventional techniques is to use non-thermal (non-equilibrium) plasma (NTP), generated at atmospheric pressure. Destruction of diluted VOCs by applying NTP is of particular importance from the point of energy saving [5] [3, 4, [6] [7] [8] [9] .
The NTP technique has been employed successfully for the destruction of various toxic VOCs like chlorinated and fluorinated hydrocarbons [10] [11] [12] , inorganic pollutants such as SO 2 , H 2 S and NO x [13] [14] [15] [16] [17] and also aliphatic [18] [19] [20] and aromatic hydrocarbons [2, 3, [20] [21] [22] [23] [24] . In the later case the total oxidation to CO 2 and H 2 O is desired, but generally this aim is not achieved. The efficiency of NTP reaction can be envisaged based on two factors, either reducing power consumption, or suppressing the undesired by-product formation. Among the possible alternatives to improve the efficiency of the NTP reaction, increasing the residence time of VOCs in the plasma zone without changing the reactor size and the input energy seems to be a promising approach [20] [21] [22] [23] [24] [25] [26] . A combination of heterogeneous catalyst and nonthermal plasma appears to be the best choice for this task, where an increase in the residence time of the adsorbate molecules in the plasma zone can lead to improved selectivity towards total oxidation [4, 25, 26] . In practice, a catalyst can be combined with NTP in two ways: by introducing the catalyst in the discharge zone (in-plasma catalytic reactor, IPCR) or by placing the catalyst after the discharge zone (post-plasma catalytic reactor, PPCR). The better performance of the plasma catalytic technique is attained with the catalyst placed after the discharge zone. A strong deactivation of the catalysts has been reported when the catalyst is placed in the discharge zone [25, 26] .
However, a synergy between NTP and catalysts is expected by direct introduction of the catalyst in the discharge zone [4, 25, 26] . Most of the chemically active species generated in the plasma are short-lived and cannot reach the catalyst surface in downstream configuration. Hence, there is a need to modify the NTP reactor configuration in order to exploit the potential of the plasma catalytic technique.
Recently, catalytic filters based on sintered metal fibers (SMF) coated with oxides have been successfully used for the oxidation of VOCs [27, 28] . These materials are multifunctional and capable of carrying out heat-exchange and particulate removal besides catalysis and exhibit good thermal and electrical conductivity [27, 28] . In the present study a novel dielectric barrier discharge reactor is presented based on SMF.
It has been designed and tested at atmospheric pressure and room temperature for the oxidation of toluene as a model VOC.
The catalyst combined with plasma was investigated for this purpose and various parameters like toluene concentration, catalyst composition, discharge voltage and frequency were systematically studied.
Experimental

Experimental set-up
The experimental set-up is shown in Fig. 1 . Toluene was introduced with a motor-driven syringe pump and was diluted by a stream of air. The air flow rate was fixed at 500 ml/min (STP) with a mass flow controller (MFC). Toluene was mixed with air in a mixing chamber, which was electrically heated. The input concentration was varied between 100 and 1000 ppm by adjusting the flow rate of toluene. Air containing toluene was fed into the plasma reactor with a Teflon tube. The toluene concentration at the outlet was measured with a gas chromatograph (Shimadzu 14 B) equipped with a FID and a SP-5 capillary column (50 m length, 0.32 mm diameter and 0.5 mm film thickness). The formation of CO 2 and CO during toluene oxidation was simultaneously measured by using an infrared gas analyzer (Siemens Ultramat 21-P). As the volume changes due to chemical reactions are negligible, the selectivities to CO, CO 2 and CO x can be stated as:
where [CO] and [CO 2 ] are the outlet concentrations of CO and CO 2 , respectively, and [toluene] 0 and [toluene] are the initial and final toluene concentrations. As it will be shown below, since there was no other hydrocarbon except toluene at the outlet, S CO x also represents the mass balance towards gaseous products. Ozone formed in the plasma reactor was measured with an UV absorption ozone monitor (API-450 NEMA). In order to ensure the formation of transition metal oxides on metal fibers and also to analyze the carbon deposit, XPS analysis of metal filters was carried out using an Axis Ultra ESCA system (Kratos, Manchester) with monochromated Al Ka radiation (1486.6 eV).
Catalyst materials
Sintered metal fiber filters (Southwest Screens & Filters SA, Belgium) made of stainless steel (hereafter denoted as SMF) (Cr 16-18; Ni 10-13; Mo 2-2.5; C < 0.01; Fe balance) in the form of a uniform pore panel (0.29 mm thick, 80% porosity, 675 g/m 2 ) were used as the inner electrode. This material consists of thin uniform metal fibers with diameter $20 mm and porosity of $80 wt%. For the deposition of 3 wt% MnO x and CoO x , the SMF (stainless steel filter) was first oxidized at 600 8C for 3 h, followed by impregnation with Co and Mn nitrate aqueous solutions of desired concentrations. Drying at room temperature and calcination at 773 K in air for 5 h renders metal oxide catalytic film supported on SMF. Finally, SMF filters were subjected to an electrical hot press treatment to shape them in cylindrical form with a diameter of 11.5 mm.
Results
Plasma reactor
The dielectric barrier discharge (DBD) reactor is shown in Fig. 2 . The discharge was generated in a cylindrical quartz tube with an inner diameter of 18.5 mm and wall thickness of 1.6 mm. Silver paste was painted on the outer surface of the quartz tube, acting as the outer electrode, whereas the SMF in the form of a cylindrical tube served as the inner electrode and also as the catalyst. The latter property is the main novelty of the reactor. The discharge length was 10 cm and the discharge gap was around 3.5 mm. One end of the SMF catalytic electrode was connected through a copper rod to AC high voltage, whereas the other end was connected to the inlet gas stream through a Teflon tube. The electrical discharge was ignited by applying AC high voltage in the range 12.5-22.5 kV (peak-to-peak), supplied by an amplifier and a function generator (Vareg, Switzerland) in the frequency range 200-450 Hz. The gas after passing the discharge zone diffuses through the SMF and was analyzed with a gas chromatograph at the outlet. Conversion of toluene at each applied voltage was measured after 30 min. Experiments were also carried out by replacing SMF with conventional copper electrode.
The voltage-charge (V-Q) Lissajous method was used to determine the discharge power in the plasma reactor. The charge Q (i.e. current integrated over time) was measured from the voltage across a capacitor of 100 nF connected in series to the ground electrode. The applied voltage was measured with a 1000:1 high voltage probe (Luke 80 K-40 HV). The voltage and charge waveforms were recorded by a digital oscilloscope (Tektronix, TDS 3054), by averaging 256 scan and plotted to obtain a typical Lissajous diagram as shown in Fig. 3. input energy (SIE) of the discharge was calculated using the relation: Specific input energy ðJ=lÞ ¼ discharge powerðWÞ gas flow rateðl=sÞ :
Discharge characterization
As seen from Fig. 3 , increasing the applied voltage at a constant frequency increases the power and the specific input energy (Fig. 4a) . For example, at 200 Hz, the SIE increased from 160 J/l (12.5 kV) to 295 J/l (22.5 kV). When the frequency was increased to 300 Hz, a considerable increase up to 1030 J/l was observed (Fig. 4a) . If the frequency is further increased to 350 Hz, the SIE reached a maximum of 1650 J/l at 22.5 kV. In a similar way, increasing the frequency at a constant voltage also increases the SIE. Fig. 4b represents the variation of SIE as a function of frequency in the range of 200-450 Hz at a constant voltage of 17.5 kV. As seen, SIE is proportional to the frequency and reached a maximum of 2100 J/l at 450 Hz.
As stated above, the plasma reaction would be energetically feasible for the VOC destruction only with a low consumption of energy. Therefore, during the present study, toluene destruction was carried out with the SIE < 295 J/l. This SIE is nearly three times lower as compared to the energy required during the thermal destruction ($1000 J/l).
Characterization of Mn and Co oxide catalysts by XPS
In order to confirm the formation of Mn and Co oxides on SMF surface, XPS was used (Fig. 5a and b) . The deconvolution of Mn 2p in 638-648 eV region shows two peaks at 640.8 and 642.3 eV correspond to the +2 and +4 oxidation states, respectively (Fig. 5a) . In a similar manner, the XP spectra of CoO x /SMF in the Co 2p region also show two peaks in 776-784 eV regions (Fig. 5b) . The first peak, centered on 779.9 eV, was assigned to Co in the mixed valence state between +2 and +3 (Co 3 O 4 ), whereas a second peak, centered on 781.7 eV, was assigned to Co in the +2 oxidation state (Co(OH) 2 ). This is in agreement with the observations made earlier during the synthesis of CoO x /SMF [28, 29] . Fig. 6 shows the conversion of toluene as a function of its initial concentration between 100 and 1000 ppm. These experiments were carried out at a constant voltage (12.5 kV) and frequency (200 Hz), corresponding to a SIE of 160 J/l. The inner electrode was either a conventional Cu electrode, or the catalytic SMF electrode. The conversion of toluene decreases with increasing toluene concentration. In the DBD reactor using a Cu electrode, the removal efficiency for 100 ppm of toluene at a SIE of 160 J/l was $70%, and decreased to $45% for a toluene concentration of 1000 ppm. A similar trend in the toluene conversion was observed for the DBD reactor with the SMF catalytic electrodes. Fig. 7a shows the selectivity to CO x (CO 2 + CO) as a function of toluene inlet concentration (100-1000 ppm) at 160 J/l (12.5 kV and 200 Hz frequency). No other hydrocarbon except toluene was detected in the effluent gas. Since CO 2 and CO are the only gaseous products formed, the solid deposited on the walls of the reactor completes the total carbon content. Hence, as shown in Fig. 7a , for 100 ppm of toluene at SIE 160 J/ l, on the SMF and Cu electrode nearly 70% of toluene was oxidized to gaseous products, whereas for 1000 ppm, only 30% was gasified and the rest ($70%) was converted to an undesired solid carbon deposit on the catalyst surface. Fig. 7b shows the selectivity to CO 2 as a function of toluene inlet concentration: for 100 ppm of toluene, the Cu electrode showed $25% selectivity to CO 2 and it dropped to $10% for 1000 ppm of toluene. Metal oxides (Mn, Co) supported on SMF increased the selectivity to CO 2 especially for toluene concentration 400 ppm. For example, during the destruction of 100 ppm of toluene, the metal oxide supported SMF catalytic electrode showed $50% selectivity to CO 2 against 25% selectivity when using a Cu electrode in DBD reactor. Further studies were carried out with toluene concentration of 100 ppm to screen and optimize the SMF catalytic electrode.
Influence of initial concentration of toluene on the reactor performance
Influence of the Mn and Co oxides supported on SMF electrode on the efficiency of toluene destruction in DBD reactor
For the initial concentration of toluene 400 ppm, an increase in the conversion of toluene was observed when the catalytic SMF electrode modified by CoO x and MnO x was used. At SIE of 160 J/l (12.5 kV and 200 Hz) with MnO x /SMF catalyst, for 100 ppm of toluene, a conversion $80% was obtained against 70% on non-modified SMF electrode (Fig. 8) . A similar effect was also observed with CoO x /SMF, since using the same experimental conditions a conversion of toluene $80% was obtained. The selectivity to CO x was also higher with CoO x /SMF (80%) and MnO x /SMF (75%) electrodes as compared to SMF (65%). Important is that the selectivity to CO 2 increased to 50% with CoO x and MnO x /SMF as compared to 25% on SMF electrode. The presence of ozone may play an important role when CoO x and MnO x /SMF electrodes were used. Interaction of ozone with metal oxide catalysts leads to the formation of reactive atomic oxygen species from ozone molecule [22, 30] . This can explain the better performance of CoO x and MnO x /SMF catalytic electrodes. Similar observations were earlier made when the addition of MnO x catalyst to the plasma reactor was observed to increase its efficiency [22] . However, during the present study, the influence of other shortlived species formed due to plasma cannot be ruled out. For 100 ppm of the inlet toluene concentration, at low SIE 160 J/l (12.5 kV and 200 Hz) the undesired products formation was minimized. The selectivity to gaseous products, S CO x $ 80% was attained with high selectivity for toluene oxidation to CO 2 (S CO 2 $ 50%) on MnO x /SMF.
Effect of applied voltage on the destruction of toluene
Conversion of 100 ppm toluene was measured at a voltage between 12.5 and 22.5 kV and a constant frequency of 200 Hz.
These conditions correspond to the SIE of 160 and 295 J/l, respectively. The results are presented in Fig. 9 . Conversion increases with the applied voltage in all cases. With the SMF electrode, the toluene conversion reaches 100% at 20 kV (265 J/l), while with Co and Mn oxides supported on SMF, it was achieved even at 17.5 kV (SIE of 235 J/l). As mentioned in the earlier section, this difference may be due to the interaction of ozone with the metal oxide catalyst leading to the formation of atomic oxygen [22, 30] .
It is well known that in plasma catalytic techniques, the main problem is due to the deposition of solid by-products on the electrodes. As seen from Fig. 10 , in the DBD reactor with all the catalytic electrodes, during the destruction of 100 ppm of toluene no carbon deposit was observed ($100% selectivity to CO x ) with voltage higher than 15 kV (SIE 195 J/ l). Fig. 10 also represents the selectivity to CO 2 for various catalysts during destruction of 100 ppm of toluene, which also increases with increasing applied voltage. Toluene was completely converted to gaseous products. With the SMF electrode, the selectivity to CO 2 increases with applied voltage and reaches a maximum of $50%. However, the CO 2 selectivity increased on CoO x and MnO x /SMF electrodes. Even at 12.5 kV (160 J/l), CoO x /SMF shows $50% selectivity and reaches 70% at 22.5 kV. MnO x /SMF shows a better performance, where the selectivity to CO 2 reaches nearly 80% even at 17.5 kV.
Conclusions
A novel dielectric barrier discharge reactor was designed,
where the catalyst made of sintered metal fibers was used as the inner electrode. 2. This reactor demonstrated high efficiency at low input energy (235 J/l) showing complete conversion during the destruction of 100 ppm of toluene against the energy required for the thermal destruction ($1000 J/l). 3. MnO x and CoO x supported on the SMF catalytic electrode improved the performance of the plasma DBD reactor up to $80% selectivity to total oxidation products (CO 2 and H 2 O). Hence, the novel DBD catalytic reactor demonstrated promising performance and is suitable for the abatement of low content VOC.
